Inflammatory leiomyosarcoma is a soft-tissue tumor resembling conventional leiomyosarcoma, but with a prominent intrinsic inflammatory component. Previous studies have suggested that inflammatory leiomyosarcoma differs genetically from leiomyosarcoma, but in-depth analyses are lacking. Here we provide a comprehensive picture of the genome and transcriptome of inflammatory leiomyosarcoma by combining cytogenetic, single-nucleotide polymorphism array, mRNA-sequencing, and whole-exome sequencing data. The results show that inflammatory leiomyosarcoma has a specific genetic profile characterized by nearhaploidization with or without subsequent whole-genome doubling. Consistently, both parental copies of chromosomes 5 and 22 are preserved. Apart from recurrent mutation of the NF1 gene, additional somatic events that could serve as driver mutations were not found at either the nucleotide or the genome level. Furthermore, no fusion transcripts were identified. Global gene expression profiling revealed particularly prominent differential expression of genes, including ITGA7, MYF5, MYF6, MYOD1, MYOG, and PAX7, involved in muscle development and function, providing strong argument for grouping inflammatory leiomyosarcoma with myogenic sarcomas, rather than with myofibroblastic lesions. Combined with previously published data, there are now 10 cases of inflammatory leiomyosarcoma with confirmed near-haploid genotype. These patients differ from leiomyosarcoma patients in being younger (median 41 years), showing a male predominance (9:1), and few relapses (1 of 8 informative patients). Thus, the clinical, morphological, and genetic data provide compelling support for inflammatory leiomyosarcoma being a distinct subtype of myogenic tumors. Modern Pathology (2018) 31, 93-100; doi:10.1038/modpathol.2017.113; published online 8 September 2017
Inflammatory leiomyosarcoma, first described by Merchant et al., 1 is a spindle cell tumor of the deep soft tissues that shares morphological features with conventional leiomyosarcoma but that also has a prominent, intrinsic inflammatory component.
Although genetic information is restricted to chromosome banding and/or single-nucleotide polymorphism array analyses on only seven cases, these preliminary data indicate that inflammatory leiomyosarcoma has a specific and highly unusual genetic profile. In six of the cases, massive reduction of the chromosome number to a hyperhaploid level (25-28 chromosomes), with or without subsequent polyploidization, was found to constitute an early step in tumorigenesis. [2] [3] [4] Furthermore, the copy number distribution of individual chromosomes in inflammatory leiomyosarcoma is clearly nonrandom with all six cases with a hyperhaploid origin showing retained biparental disomy for chromosomes 5 and 22, and often also for chromosomes 18, 20, and 21. 2 Nord et al. 2 also performed global gene expression analysis on 3 inflammatory leiomyosarcomas and 15 leiomyosarcomas and found that these tumors have distinct transcriptional profiles, and that genes located on the disomic chromosomes are expressed at higher levels than genes on the monosomic chromosomes.
Thus, currently available information suggests that near-haploidization is an important pathogenetic mechanism in inflammatory leiomyosarcoma, a phenomenon that is very rare in other tumor types. 5 Here we present single-nucleotide polymorphism array data on four new cases of inflammatory leiomyosarcoma, providing further support for the distinct, near-haploid origin of inflammatory leiomyosarcoma. Furthermore, in an attempt to understand better the pathogenesis of inflammatory leiomyosarcoma and to obtain clues about the mechanisms behind haploidization, we also performed whole-exome and mRNA sequencing on inflammatory leiomyosarcoma cases.
Materials and methods

Patients
In all cases preoperative diagnostics were performed with fine-needle aspirations and core-needle biopsies.
Cases 1-3 correspond to cases 1-3 in Nord et al. 2 Case 4 was a 23-year-old man with a tumor in his left thigh. At surgery, a 3 cm tumor in the sartorial muscle was removed with wide margins. Microscopy showed a spindle cell neoplasm with fascicular pattern and focally infiltrative growth. The tumor showed no necrosis or vascular invasion. Spindled tumor cells, partly with distinct nuclear pleomorphism, were mixed with inflammatory cells, predominantly lymphocytes. Tumor cells were positive for desmin, α-smooth muscle actin, and caldesmon, and negative for CKAE1/AE3, S100, and CD34. There were 3 mitoses per 10 HPF. The diagnosis was inflammatory leiomyosarcoma, grade 1. The patient is disease-free 26 months after surgery.
Case 5 was a 41-year-old man who for almost a year had noticed a lump in his right thigh. A 7 cm tumor in the hamstring muscle was removed with free surgical margins. Morphological analysis showed a partly pseudocystic lesion with extensive areas of infarction and domination of chronic inflammation with lymphocytes, histiocytes, and cholesterol clefts (Figure 1a ). Within the inflammatory background a population of plump spindled, ovoid, and epithelioid cells was seen with immunohistochemically strong and diffuse positivity for desmin, caldesmon, and multifocally for α-smooth muscle actin (Figures 1c  and e) . Initially a reactive lesion was suggested, but the final diagnosis was low-grade inflammatory leiomyosarcoma after external consultation. The patient received 50 Gy postoperative radiation and remains free of disease 36 months after surgery.
Case 6 was an 18-year-old man who presented with a sports-related knee injury. Incidentally, a tumor was found in the medial aspect of his right thigh at MRI. An 8 cm tumor in m. vastus intermedius was resected with free surgical margins. The tumor showed a fascicular growth pattern of atypical spindle cells with infiltration of the surrounding muscle, but there was no necrosis or vascular invasion. The tumor cells that were positive for α-smooth muscle actin and desmin were embedded among inflammatory cells. There were 2 mitoses per 10 HPF. The diagnosis was inflammatory leiomyosarcoma, grade 1. The patient remains free of disease 11 months after surgery.
Case 7 was a 42-year-old man who for 6 months had noticed a lump in his right deltoid muscle. The tumor, 4.5 cm, was excised with wide margins. Microscopy revealed an encapsulated tumor growing with pushing borders without areas of necrosis. The slightly atypical ovoid to spindled tumor cells were exceptionally arranged in fascicles among abundant inflammatory cells and macrophages (Figure 1b) . One mitosis per HPF was counted. Immunohistochemistry showed positivity for desmin, α-smooth muscle actin, and caldesmon in the tumor cell population (Figure 1d and f) . The diagnosis was inflammatory leiomyosarcoma, grade 1. Three months after surgery, there is no sign of relapse.
All samples were obtained after informed consent and the study was approved by the local review board.
DNA and RNA Extractions
DNA was extracted from fresh frozen tumor biopsies using the DNeasy blood and tissue kit, including the optional RNaseH treatment according to the manufacturer's instructions (Qiagen, Hilden, Germany). Quality and concentration of the extracted material were measured with a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and a NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA).
RNA was extracted from fresh frozen tumor biopsies using the RNeasy lipid tissue mini kit according to the manufacturer's instructions (Qiagen). Quality and concentration of the extracted material were measured with a 2100 Bioanalyzer (Agilent Technologies) and a Qubit 3.0 fluorometer (Thermo Fisher Scientific).
Cytogenetic Analyses
Cytogenetic analyses were performed according to standard procedures, and karyotypes were written following the recommendations of the International System for Human Cytogenetic Nomenclature. 6 Fluorescence in situ hybridization (FISH) with centromere-specific probes (Vysis, Abbott park, IL, USA) for chromosomes X, 17, 18, and 20 was used to establish the ploidy level in case 4.
Genomic Copy Number and Loss of Heterozygosity Analyses
Single-nucleotide polymorphism array analysis was used for combined DNA copy number and loss of heterozygosity investigation. It was performed according to the manufacturer's instructions on extracted DNA from cases 4-7 using the Affymetrix Cytoscan HD platform (Affymetrix, Santa Clara, CA, USA). The position of the single-nucleotide polymorphisms was based on the UCSC hg19/NCBI Build 37 sequence assembly. Data analysis by visual inspection was performed using the Affymetrix Chromosome Analysis Suite 3.1 software.
Whole-Exome Sequencing
DNA was extracted from fresh frozen tumor tissue from cases 1-5 with matching peripheral blood samples, as described. 7 Whole-exome capture was performed with the Ion Ampliseq Exome RDY-IC kit, according to the manufacturer's instructions (Thermo Fisher Scientific), followed by template preparation and sequencing on the Ion Chef and Ion Proton systems, using the Ion PI IC 200 kit (Thermo Fisher Scientific). Variant calling was performed with the AmpliSeq Exome tumor-normal pair workflow in Ion Reporter (Thermo Fisher Scientific), as well as with the Torrent Variant Caller plugin in the Torrent Suite Software (Thermo Fisher Scientific), using standard parameters for somatic variant detection. Annotation of detected variants was performed in Ion Reporter, using the GRCh37/hg19 assembly. The results were further filtered, keeping only nonsynonymous exonic mutations that were supported by at least five reads. To verify NF1 mutations detected at whole-exome sequencing, a TruSeq Custom Amplicon panel (Illumina, San Diego, CA, USA) was designed. The TruSeq Custom Amplicon panel covered the regions of NF1 harboring mutations detected at whole-exome sequencing. DNA was processed and analyzed as described for whole-exome sequencing analysis.
mRNA Sequencing mRNA libraries for cases 2-6 were prepared for sequencing using the Truseq RNA sample preparation kit v2 (Illumina). Paired-end 151 bp reads were generated from the mRNA libraries on a NextSeq 500 (Illumina). Library preparation, sequencing, and bioinformatic analysis were performed as described. 8 ChimeraScan and FusionCatcher, using default settings, were used to identify candidate fusion transcripts from the sequence data. 9, 10 The GRCh37/hg19 build was used as the human reference genome.
For gene expression studies, data were normalized using Cufflinks with default settings. 11 Correlationbased principal component analysis and hierarchical clustering analysis were performed using the Qlucore Omics Explorer version 3.2 (Qlucore AB, Lund, Sweden). Differences between tumor types in log2-transformed expression data were calculated using a t-test, and corrections for multiple testing were based on the Benjamini-Hochberg method (Qlucore AB). Genes with Po0.05 and a false discovery rate o0.3 were considered significantly altered.
Results
Copy Number and Heterozygosity States
Case 4 was not analyzed by G-banding. However, single-nucleotide polymorphism array showed relative gain and retained heterozygosity of chromosomes 5, 18, 20, 21, and 22, while the rest of the autosomes displayed complete loss of heterozygosity. One structural aberration was observed: hemizygous deletion in 13q at position 85 618 281-86 939 204, containing the genes LINC00351 and SLITRK6. Interphase FISH analysis confirmed the hyperdiploid state suggested by the single-nucleotide polymorphism profile.
Case 5 showed gains of chromosomes 5 and 22 in hyperhaploid and hyperdiploid clones: 24-25,X,+5, +22(cp8)/43-49,idemx2,?del(5)(p11),+mar,inc(cp15). This karyotype was in accordance with the singlenucleotide polymorphism array profile, which showed relative gain and retained heterozygosity of these two chromosomes, as compared to the rest of the autosomes, which all displayed complete loss of heterozygosity. By G-banding analysis, some clones with a near-diploid state displayed a marker chromosome of unknown origin as well as potential rearrangement of 5p.
Case 6 showed relative gain of chromosomes 5, 18, 20, 21, and 22 in hyperhaploid and hyperdiploid clones: 29,XY,+5,+18,+20,+21,+22(7)/58,idemx2(3). Accordingly, the single-nucleotide polymorphism array profile, obtained with identical results from both a preoperative fine-needle biopsy sample and a sample from the excised tumor, displayed retained heterozygosity and relative gain of the same chromosomes, and complete loss of heterozygosity for the remaining autosomes. No imbalances due to structural rearrangements were detected by singlenucleotide polymorphism array analysis.
Single-nucleotide polymorphism array analysis on DNA extracted from a core-needle biopsy in case 7 displayed what was interpreted as a hyperdiploid karyotype with four copies of and retained heterozygosity for chromosomes 5 and 22, while the remaining autosomes and the X chromosome were present in two copies and showed complete loss of heterozygosity.
In summary, all four cases presented hyperhaploid clones and/or duplicates of such clones. Imbalances largely involved losses and gains of whole chromosomes. Structural rearrangements were confined to a hemizygous deletion in 13q in case 4 and marker chromosome formation in a subclone of case 2. Both parental copies of chromosomes 5 and 22 were present in all four cases. Relative gain and retained heterozygosity were also detected for chromosomes 18, 20, and 21 in cases 1, 4, and 6. All other autosomes displayed loss of heterozygosity as a result of chromosome loss with or without subsequent duplication of the remaining homolog. The cytogenetic and single-nucleotide polymorphism array data are summarized in Table 1 .
Whole-Exome Sequencing
Achieving a mean coverage of × 50 in both blood and tumor samples with 90% of target bases having at least × 10 coverage and including only nonsynonymous exonic mutations, a total of 49 somatic single-nucleotide variants, and 8 insertion/deletions were detected, none of which was recurrent (Supplementary Table 1 ). The number of mutations ranged from 5 to 34, median 6, per case. Only one gene was involved more than once: NF1 with two different mutations in cases 4 and 5, with variant allele frequencies of 50% and 22%, respectively.
The resequencing using a TruSeq Custom Amplicon panel panel achieved a coverage exceeding × 750 and confirmed the presence of the two NF1 mutations found at whole-exome sequencing in cases 4 and 5, with variant allele frequencies of 31% and 26%, respectively (Supplementary Table 1 ).
mRNA Sequencing mRNA sequencing was performed on cases 2-6, no fusion transcripts were detected with either Fusioncatcher or Chimerascan (data not shown).
To extract genes that distinguish the expression signature of inflammatory leiomyosarcoma (n = 5), different types of soft-tissue tumors (n = 37) from which mRNA-sequencing data were available were used for comparison (11 sclerosing epithelioid fibrosarcomas, 8 ossifying fibromyxoid tumors, 6 myxoid liposarcomas, 3 myxoinflammatory fibroblastic sarcomas, 2 myoepitheliomas, and 1 case each of acral fibromyxoma, calcifying aponeurotic fibroma, dermatofibrosarcoma protuberans, low-grade fibromyxoid sarcoma, leiomyosarcoma, perineurioma, and solitary fibrous tumor). At unsupervised principal component analysis, the data were variance filtered until the 42 samples formed clusters, which corresponded to the different tumor types. This setting corresponded to a variance ratio F = 0.3 and 1437 genes. A one-tailed test was performed to extract the 100 most upregulated genes in inflammatory leiomyosarcoma vs controls, listed in Supplementary Table 2 . Of these, 27 genes are known to be involved in myogenesis or muscle function (marked in red in Supplementary Table 2 ). The expression levels of the latter genes in inflammatory leiomyosarcoma and leiomyosarcoma, as assessed by Affymetrix gene expression profiling, were extracted from previously published microarray data on 3 cases of inflammatory leiomyosarcoma and 15 cases of leiomyosarcoma, 2 and shown in Table 2 .
Discussion
The current study provides further evidence for inflammatory leiomyosarcoma being a distinct nosologic entity, with specific morphologic and genetic features. Including the four new cases, 10 out of 11 inflammatory leiomyosarcomas display near-haploidization, with or without subsequent polyploidization. More specifically, they display loss of heterozygosity for most chromosomes but always show retained heterozygosity for chromosomes 5 and 22, and often for chromosomes 18, 20, and 21. As far as we are aware, haploidization is exceedingly rare in other soft-tissue tumors, and none of those few other cases displays the same pattern of retained heterozygosity for chromosomes 5 and 22. Thus, the genetic profile of inflammatory leiomyosarcoma shows very high specificity and sensitivity, well at par with the strong correlation that exists between most gene fusions and distinct subtypes of soft-tissue sarcoma. 12 Haploidization with or without polyploidization has, however, also been reported in acute lymphoblastic leukemia, chondrosarcoma, and rare cases of other tumors but with different patterns of retained disomies. 5 In the present study, we attempted to reveal other somatic events that may contribute to tumor development. mRNA sequencing did not disclose any potential fusion transcripts, and whole-exome sequencing on five cases of inflammatory leiomyosarcoma identified no consistently mutated gene. Only a single gene, NF1, was involved in more than one case; two different mutations were found in cases 4 and 5. Both NF1 mutations were frameshift deletions, thus resulting in a truncated protein product. NF1 is located on chromosome 17, which displays loss of heterozygosity in all cases investigated so far; however, no intra-chromosomal deletion targeting the NF1 locus was detected in any of the seven single-nucleotide polymorphism array profiles studied. Still, analysis of expression levels from previously published microarray data (performed on 3 inflammatory leiomyosarcoma and 15 leiomyosarcoma 2 ) and from the mRNA-sequencing data presented here shows that NF1 is downregulated about twofold both in inflammatory leiomyosarcoma vs leiomyosarcoma and in inflammatory leiomyosarcoma vs control tumors (Supplementary Figure 1) ; however, it should be emphasized that NF1 was expressed at low levels in most tumors. Thus, although we cannot exclude mutations occurring outside the coding part of the genome, it seems as if the haploidization as such is the main tumorigenic event in inflammatory leiomyosarcoma. As for most numerical neoplasia-associated chromosome aberrations, it is unclear how the ploidy shift affects neoplastic transformation; possibly, the distorted gene expression profile achieved by specific combinations of lost and retained chromosomes is sufficient. In line with this, differential expression for genes on retained chromosomes vs genes on monoallelic chromosomes has been reported also in acute lymphoblastic leukemia. 13, 14 Not only the consequences but also the causes of haploidization are unclear. Because the singlenucleotide polymorphism array data did not indicate subclonality for any of the numerical changes, the near-haploid state is most likely reached through massive loss of chromosomes in a single mitotic catastrophe, in line with findings in acute lymphoblastic leukemia. 13 Subsequent polyploidization then occurs by whole-genome doubling. Although NF1 is recurrently mutated also in near-haploid acute lymphoblastic leukemia 13 as well as in adrenocortical carcinoma and rhabdomyosarcoma, all of which may display both haploidization and wholegenome doubling, 7,13,15 we do not believe that distorted NF1 function is the cause of the haploidization. First, the prototypical NF1-associated malignancies -malignant peripheral nerve sheath tumor and optical glioma-only rarely display haploidization. Second, the allelic frequencies of NF1 mutations in the two cases of inflammatory leiomyosarcoma should have been higher than 22-26% and 31-50%, respectively, detected at deep sequencing if they preceded haploidization. We cannot exclude, however, that reduced NF1 activity facilitates wholegenome doubling; both cases with NF1 mutation showed whole-genome doubling but, on the other hand, so did five out of six other inflammatory leiomyosarcomas analyzed by G-banding, including three without NF1 mutation.
The nonrandom retention of both parental copies of certain chromosomes, notably chromosomes 5 and 22, implies that these chromosomes harbor key regulatory genes essential for cell survival. However, we have no explanation to why these particular chromosomes are retained biparentally and, to our knowledge, none of them has any imprinted region. Loss or retention of imprinted loci might, on the other hand, account for some of the monosomies, but support for this hypothesis is lacking. Indeed, when assessing the expression levels at mRNA sequencing of two imprinted genes-the maternally expressed H19 and the paternally expressed IGF2-on chromosome 11, which consistently shows complete loss of heterozygosity in inflammatory leiomyosarcoma, cases 2 and 3 had high expression of H19 but low expression of IGF2, whereas the opposite expression pattern was seen in cases 4-6 (Supplementary Figure 2) . Thus, at least for chromosome 11, no consistent pattern regarding retained maternal or paternal chromosomes could be discerned.
Including the 4 new cases presented here, there are now 10 reported inflammatory leiomyosarcomas with confirmed near-haploidization (refs 2-4 and present study), the clinical features of which seem to 17 it predicts poor outcome while in yet others, such as breast cancer, the prognostic impact of inflammatory cells is context-dependent. 18 Inflammatory leiomyosarcoma originally derived its name from the morphological resemblance of the tumor cells to smooth muscle cells and the positive staining for α-smooth muscle actin and desmin in the majority of cases. 1 This conclusion was questioned by Chang et al., 4 who in their study of three patients found poor expression of both α-smooth muscle actin and desmin. They thus speculated whether inflammatory leiomyosarcoma should belong to the group of myofibroblastic tumors. 4 It could be pointed out, however, that only one of their three cases had cytogenetic data supporting near-haploidy. Myofibroblasts are operationally defined as fibroblasts that have developed stress fibers and achieved contractile properties. 19 Apart from the expression of α-smooth muscle actin-encoded by the ACTA2 gene-which is shared with smooth muscle cells, few characteristic, let alone specific, immunomarkers have been identified. 19 When looking at the expression levels for genes implicated in myofibroblasts, 19, 20 there was no strong support for tumor cells in inflammatory leiomyosarcoma being myofibroblasts. The only highly expressed gene that has been suggested as myofibroblast-specific 20 was THY1, a.k.a. CD90. However, this gene was abundantly expressed also in the single case of conventional leiomyosarcoma, as well as in 17 of the 36 other tumors included (Supplementary Figure 3) . Furthermore, according to the Human Protein Atlas, THY1 mRNA is well expressed also in smooth muscle tissue (http://www.proteinatlas.org/ ENSG00000154096-THY1/tissue). Interestingly, THY1 has also been implicated as a cancer stem cell marker, and it was recently shown that co-expression of THY1 and Integrin α7 (ITGA7), a transmembrane protein functioning as a receptor for laminin, is important for stemness and epithelial-mesenchymal transition in esophageal squamous cell carcinomas. 21 However, ITGA7 is also strongly expressed in different types of muscle tissue, its importance in myogenesis is emphasized by inactivating mutations resulting in congenital myopathies. 22, 23 ITGA7 showed relatively high expression also in inflammatory leiomyosarcoma (Supplementary Figure 3) .
Our gene expression data are in excellent agreement with a myogenic differentiation. First, all tumors seen by us showed high expression of both ACTA2 and DES, in line with the consistent expression of their corresponding proteins α-smooth muscle actin and desmin at immunohistochemistry analysis 2 (present study; Supplementary Figure 3) . Second, among the 100 genes showing the strongest differential expression in inflammatory leiomyosarcoma compared to control tumors, 27 are known to be involved in muscle development or function (Table 2; Supplementary Table 2) . Interestingly, though, several of these differentially expressed genes, notably MYF5, MYF6, MYOD1, MYOG, and PAX7, are known to be crucial for the differentiation of satellite cells, ie, adult muscle stem cells, into skeletal muscle cells, 24 and mRNA expression in normal tissues is restricted to skeletal muscle (http://www.proteinatlas.org). This raises the interesting possibilities that inflammatory leiomyosarcoma cells either represent primitive myogenic cells or that haploidization of a myogenic precursor cell allows for concomitant expression of genes associated with both smooth muscle and striated muscle development.
In summary, we believe that it is now established beyond doubt that inflammatory leiomyosarcoma is a distinct tumor entity with a highly characteristic genetic profile and a favorable clinical outcome. Furthermore, our protein and gene expression data provide support for keeping inflammatory leiomyosarcoma among myogenic neoplasms.
